Abstract. The Polar Ionospheric X-ray Imaging Experiment (PIXIE) and the ultraviolet imager (UVI) onboard the Polar satellite have provided the first simultaneous global-scale views of the patterns of electron precipitation through imaging of the atmospheric X-ray bremsstrahlung and the auroral ultraviolet (UV) emissions. While the UV images respond to the total electron energy flux, which is usually dominated by electron energies below 10 keV, the PIXIE, 9.9-19.7 keV X-ray images used in this study respond only to electrons of energy above 10 keV. Previous studies by ground-based, balloon, and space observations have indicated that the patterns of energetic electron precipitation differ significantly from those found in the visible and the UV auroral oval. Because of the lack of global imaging of the energetic electron precipitation, one has not been able to establish a complete picture. In this study the development of the electron precipitation during the different phases of magnetospheric substorms is examined. Comparisons are made between the precipitation patterns of the high-energy (PIXIE) and low-energy (UVI) electron populations, correlated with ground-based observations and geosynchronous satellite data. We focus on one specific common feature in the energetic precipitation seen in almost every isolated substorm observed by PIXIE during 1996 and which differs significantly from what is seen in the UV images. Delayed relative to substorm onsets, we observe a localized maximum of X-ray emission at 5-9 magnetic local time.
called precursors, may develop dawnward or duskward as the merging of the field lines propagates into the nightside magnetosphere [Elphinstone et al., 1991 ] . As the growth phase signatures seen at the dayside, dawnside, and duskside are usually related to soft electron precipitation, such precursors can hardly be seen in the measurements of the energetic precipitation. However, the arc brightening in the midnight sector, probably due to the stretching of the tail and the subsequent scattering of energetic particles because of the critical relation between gyroradius and magnetic curvature radius [Sergeev etal., 1983] , should be observable [Pytte and Trefall, 1972] .
The substorm onset is believed to initiate at the equatorward edge of the diffuse nightside aurora with a source region at the inner edge of the central plasma sheet (5-7 RE) [e.g., Friedel et al., 1996; Elphinstone et al., 1996; Sergeev et al., 1998 ] and is seen as a rapid brightening followed by an expansion longitudinally and latitudinally. Injection signatures at geosynchronous satellites are frequently observed simultaneously with the auroral onset [Erickson et al., 1979] and are often used as onset indicators [Friedel et al., 1996] . Magnetic pulsations in the Pi2 range have also been regarded as reliable indicators for substorm onset timing and can be attributed to the information exchange between the active source region in the magnetosphere and the ionosphere [Rostoker et al., 1980] . When injections of energetic electrons are observed, we should expect to observe the substorm onset simultaneously in both X-ray and UV measurements. However, not all substorm onsets are associated with these injection signatures of energetic particles. In a statistical study, Yeoman et al. [1994] found that 10% of the substorms showed Pi2 pulsation signatures but no injection signatures at geostationary orbit. Studying statistically the energetic particle substorm by riometer measurements, Berkey et al. [1974] found that on the average, substorms of energetic precipitation initiated close to midnight. The average magnetic latitude was tbund to be 65 ø, with the onset slightly decreasing in latitude and magnetic local time (MLT) with increasing Kp values.
The azimuthal expansion of the auroral patterns and the energetic precipitation can be related to two different types of movement. The injection region itself expands in the near-Earth magnetosphere both radially and azimuthally. Another expansion is caused by the gradient and curvature drift of energetic electrons into the morning sector. [ 1974] studied absorption of cosmic radio noise, which is sensitive to electrons of energies from 10 to 100 keV. Focusing on the energetic precipitation, all these studies found the first and most intense maximum to be situated around midnight and to be related to the injection of fresh electrons and another maximum to be located between dawn and noon, most probably related to the drifting electrons. However, by focusing on electron precipitation at lower energies (<1 keV), there is found to exist an additional maximum in the postnoon region [McDiarmid etal., 1975; Liou etal., 1997] , where an almost complete lack of X-ray emission is observed [Petrinec etal., 1998 ]. All these studies were based on adding all the observed precipitation during all kinds of geomagnetic activity and providing no information on the temporal behavior of single substorms. By studying X-ray measurements from balloon campaigns, Sletten et al. [1971] investigated 45 substorm events from 1963 to 1964 and found that the X-ray enhancements in the dawn to noon sector were delayed with respect to the magnetic substorm onset, corresponding to the drift of --140 keV electrons. In another study based on X-ray measurements from balloon campaigns and absorption of cosmic radio noise, Kangas et al. [ 1975] examined a large number of events and found delay times corresponding to 100-200 keV drifting electrons. Berkey et al. [ 1974] examined the absorption expansion velocities and found that the eastward expansion corresponded to the drift time of --100 keV electrons, using calculations by Roederer [ 1970] . They found the westward expansion to occur more sporadically and to have an expansion velocity that was only half of the eastward expansion velocity. However, Berkey et al. [ 1974] noted that they could not identify the injection region precisely because of the lack of stations in some local time sectors, introducing some uncertainties in the calculations of energies of the drifting electrons.
In this paper the first results from a statistical study based on images from PIXIE and the ultraviolet imager (UVI) onboard the Polar satellite combined with geosynchronous satellite data and ground-based measurements are presented. While the UVI responds to the total electron energy flux, which is usually dominated by electron energies below 10 keV, the PIXIE X-ray images used in this study are in the energy range of 9.9-19.7 keV, which are X rays produced by electron energies above 10 keV. Thus the UVI and PIXIE provide images from complementary ranges of electron energies, well suited to examine differences in the lowand high-energy range of electron precipitation. With this ability to follow both the spatial and the temporal development of substorms in a wide energy range we should be able to verify assumptions and suggestions put forward in the works mentioned above and establish a more comprehensive picture of the energetic substorm. The study is based on data from 14 isolated substorms during 1996, when PIXIE was operating during the entire substorm. While investigating the data, we have mainly focused on (1) the timing of the X-ray, UV, and magnetic substorm onsets and their correlation with the injection signatures at geostationary orbit and ground-based magnetic measurements, (2) the eastward development of the X-ray substorm, and (3) the maximum of the energetic precipitation which is observed at 5-9 MLT in all of the X-ray substorms but not in all of the UV substorms. We have examined if this localized maximum of X-ray emission could be related to the drift of electrons. Any other differences between the X-ray and UV measurements are briefly discussed.
Instrumentation
The PIXIE camera provides images of the X-ray bremsstrahlung seen during substorms. Even though the probability of generating an X-ray photon from an electron slowing down in the atmosphere increases as a function of the initial electron energy, a 200 keV electron only deposits 0.5% of its energy as X rays [Berger and Seltzer, 1972] . Nevertheless, these measurements provide the opportunity to study the global energetic electron precipitation, even in the sunlit area. The instrument is a pinhole camera with four stacked multiwire proportional counters as detecting elements. Two detectors are in the front chamber, which contains a 1.1 atm Ar/CO 2 mixture, has a 0.1 mm Be entrance window, and is sensitive to X-ray photons from --2 to --10 keV. The rear chamber, with a 2 atm Xe/CO2 mixture and a 2 mm Be window, contains the other two detectors and covers the energy range from =10 keV to --60 keV [Imhof et al., 1995] .
As the front chamber was turned off, or partly turned off, during the events of 1996, only X-ray measurements above 9.9 keV were available for this study. As most of the X rays were detected at energies from 9.9 to 19.7 keV, the images shown here are from that energy range. Only electrons above =10 keV can produce X rays in this energy range. A background subtraction scheme has been provided by accumulating hours of data when no aurora or celestial sources were seen, giving an average background due to cosmic X rays and X rays produced in the surrounding structures of the instrument by energetic particles. This average background has been subtracted to obtain images of the genuine auroral X rays. The X-ray production layer is assumed to be at 100 km altitude. Each image used in this paper presents 10 min accumulation of the radiation. Images accumulated for 5 min each 30 s are used to present the temporal behavior of the differential X rays integrated in a predefined area, giving a time resolution of =30 s.
The UV imager [Torr et al., 1995] onboard the Polar satellite provides global images of emissions in the Lyman-Birge-Hopfield-long (LB HL) band. This band is dominated by the emission created by the electron impact on N2. All electron energies contribute in this process, and as the absorption of LB HL emissions by atmospheric oxygen is negligible (below =10 keV), the intensity reflects the total energy influx of electron precipitation [Torr et al., 1995; Germany et al., 1997] . As the lower energies usually dominate, the UVI provides the global features of the softer part of the electron distribution. The lower threshold energy is determined by the altitude profile of the N2 versus O density and the upper threshold energy is determined by the decreasing electron flux above 10 keV and the absorption by 02 at low altitudes. The electron energies, which UVI is sensitive to, are estimated to be from 1 to 10 keV given an energy flux of 1 erg. For larger energy fluxes the threshold may be lowered down to =100 eV (G. Germany private communication, 1998). The exposure time for the UVI images shown here is 37 s.
Data from geosynchronous altitude consist of energetic particle measurements from a set of satellites operated by Los Alamos National Laboratory (LANL) and the National Oceanic and Atmospheric Administration (NOAA) Geostationary Operational Environmental Satellite (GOES). All the satellites are used in this study depending on their locations for the different events. As the X-ray emission observed by the PIXIE rear chamber is primarily generated by electrons with energies 10-20 keV, we have mainly focused on the lower-energy channels (50-500 keV) when we compare the ionospheric X-ray fluxes to electron injections seen by the LANL satellites. For comparison between PIXIE and GOES the lowest electron integral channel (>600 keV) is used. As we often observe injections of both electrons and protons during the substorm onset, we have also inspected the injection signatures seen in the proton measurements from the LANL and the GOES spacecrafts. Solar wind data from the Wind satellite and ground-based magnetic measurements from International Monitor for Auroral Geomagnetic Effects (IMAGE), Canadian Auroral Network for the OPEN Program Unified Study (CANOPUS), or Sodankyl•i have also been studied for each event.
Observations and Interpretation.
The images from the PIXIE camera and the UV imager onboard the Polar satellite are the primary data for this statistical substorm study. The Polar satellite was launched February 24, 1996, into a highly elliptical 1.8 x 9 R E polar orbit with an orbiting period of =18 hours. During the apogee passes the imagers are operating for = 12 hours. To avoid damaging contamination of particles, the PIXIE camera has to be turned off while the satellite passes through the radiation belts. Restricted by this operating time, we have examined the data from 1996 for selecting events where the imagers were operating during the entire substorm event. Only isolated substorms were selected for this study. 14 events from 9 days complied with this requirement. We have chosen the event of September 12, 1996, to present the method used to analyze the entire data set. The results from all the 14 events are listed in Table 1 .
September 12, 1996
The September 12 event occurred during rather disturbed magnetic conditions. A small magnetic storm started on September 10. I,,, [266ñ40.
• •1o. •6•-•,-i66,i•-[. Y ................................................................. responding to an electron energy of 65 keV. We may associate the onsets with the first arriving and most energetic electrons and the first maximum with a larger flux of less energetic electrons. In that sense the two time delays (21.5 min and 34 min) display a kind of dispersion signature. To be able to compare the results from the two models, we have calculated the energies for equatorial mirroring electrons. For further information on the drift models see the appendix.
The Entire Data Set
Because of the selection criteria mentioned above, we have 14 isolated substorm events available for this study. For each substorm we have identified the substorm onset time from the X-ray and UV measurements, the geosynchronous injection signatures, and the ground-based magnetic disturbances separately. In Table 1 the results from all the 14 substorms are listed.
3.2.1. Growth phase. Growth phase signatures of directly driven precipitation prior to substorm onset are not seen in any of the X-ray substorms but are common features in the UV substorms, confirming that these signatures are mainly caused by soft electron precipitation.
3.2,2. Onset. CANOPUS AE indices are used as magnetic onset indicators in the interval from 0200 to 1000 UT and measurements from IMAGE are used for events in the interval 1300-1800 UT. For one event (7: 961210), pulsation measurements from Sodankyl•i are used to determine substorm onset. From Table 1 we can see that the magnetic, UV, and X-ray substorm The magnetic substorm onset defined by the AE index correlates very well for 10 of the 14 substorms. In substorm 4 (960920) the onset at 0820 UT is followed by stronger precipitation at 0828 UT. Only the latter precipitation could be seen in the AE index from CANOPUS. In substorm 10 (960910) the magnetic substorm starts at 1800 UT while the X-ray substorm, very well correlated with the particle injection seen at geosynchronous orbit, starts at 1809 UT. We have no UV data for this substorm and maybe some soft precipitation, which is not seen by PIXIE, is responsible for the magnetic disturbances prior to this. Substorms 12 (960922) and 14 (960923) The second category contains events with more than one substorm onset region. As the substorm onset regions can be identified to determine the corresponding injection onset times, we are still able to find the time delay and calculate the corresponding energy of the drifting electrons. Figure 5 shows such an event from September 10. Similar to the September 12 event, we identify the injection regions to be the sectors with the largest increase rate of X-ray fluxes. For this event we can identify two injection fronts, one covering 2-5 MLT and another covering 21-24 MLT. Although the maximum in the morning sector is not very pronounced, we are still able to identify an enhancement in the 8-10 MLT sector that exceeds the fluxes in the adjacent sector (7-9 MLT). The injection region and the substorm onset, which can be related to the maximum in the late morning sector (8-10 MLT), are found in the 3-5 MLT sector.
The last category contains events where the maximum in the morning sector is seen, but as it is difficult either to identify the substorm onset region, to distinguish between different onset regions, or to determine the onset in the morning sector, it is impossible to find the time delay and calculate the energy of the drifting electrons. One of these, the September 19 event, is shown in Figure 6 . This event has no distinct onset and occurred in the initial phase of a magnetic storm as a response to a coronal mass ejection (CME) event after 1 hour with large southward IMF Bz.
For the substorms in categories 1 and 2 (10 substorms) we are able to determine onset of the maximum X-ray emission in the morning sector and calculate the electron energies that correspond to the measured time delays. The results are listed in the two rightmost columns of Table 1 . The onsets, which may be associated with the first arriving energetic electrons, tend to have a smaller time delay than the first maxima, which may be associated with the larger flux of less energetic electrons. This kind of dispersion signature can be seen in many of the events in categories 1 and 2.
Discussion
On the basis of balloon measurements [Barcus and Rosenberg, 1966; Parks etal., 1968], Akasofu [1968] has presented models of what an X-ray substorm would look like. With the global X-ray images provided by PIXIE we should be able to verify his predictions and to develop a more accurate model. Three of the substorms in our data set happen to have substorm onset in the same local time sector. In Plate 2 (left) we have normalized and superimposed these three substorms, representing an average X-ray substorm. The superimposed substorm has to be rotated 2 MLT sectors counterclockwise to be comparable to the models as all the three superimposed substorms have substorm onset in the 22 MLT sector while the models from Akasofu [ 1968] are based on data with substorm onset close to midnight. Compared to the models by Akasofu [1968] , we should notice two significant differences. First, the superimposed X-ray substorm does not develop into the morning sector as quickly as was predicted by Akasofu. This can partly be explained by the higher sensitivity to high-energy X rays of the scintillation counters and Geiger-Mtiller tubes used in the balloon campaigns compared to the proportional counters used in PIXIE. It may also indicate that the electron energies involved in the three superimposed substorms are lower, giving slower drift velocities, than the energies involved in the substorms on which Akasofu [ 1968] On the basis of the time delay from substorm onset and onset of the maximum in the morning sector we have calculated the electron energies that correspond to the observed time delays. We have used both a simple dipole drift model by Lew [ 1961] and a more realistic model derived by Roederer [1970] . To be able to compare the results from the two models, we have calculated the energies for equatorial mirroring electrons and both models give electron energies around 100 keV. The model of Roederer [ 1970] tends to give 5-20 keV lower energies, but for most of the substorms this discrepancy is smaller than the uncertainties of our determination of time delays. In the appendix the two models are described in more detail. Keeping this in mind, we are able to present the results using the model of Lew [ 1961 ] found some very large energies in their study, we think those results must be explained by the lack of stations in some local time sectors. Consequently, they could have based their calculation on only one injection region when there probably were two or more injections regions in later local time sectors. The electron energies found in this study are more than sufficient to produce the X rays in the energy range of 9.9-19.7 keV. We also want to point out that these energies refer to the first-arriving electrons and that electrons at lower energies probably account for the increasing intensity that constitutes the prolonged localized maximum. By using exponential fit to the electron spectrum measured by the LANL satellites as the source spectrum, calculations based on the method described by Robinson et al. [1989] show that the electron fluxes at such high energies are sufficient to produce the observed X rays in the morning sector.
Regarding the location and extension, we find that the morning maximum appears in the l. ocal time sector from 5 to 9 MLT. For the substorms in categories 1 and 2 we find about half of the localized maximum of X-ray emission peak intensity to be =66ø-67 ø CGM latitude and the other half to be =70ø-71 ø CGM latitude. 2. Another candidate is more straightforward. Equatorial mirroring energetic electrons injected in the midnight sector from the inner edge of the plasma sheet (5-7 R E ) will drift along contours of constant magnetic magnitude when the influence of the convective electric field can be neglected (E > = 100 keV). These contours are fairly asymmetric [FairfieM, 1968] and will cause the electrons to move outward as they drift into the morning sector. During disturbed conditions the magnetosphere is compressed, and the dawn magnetopause could well be at 11-13 R E, which are the values we get when the solar wind measurements from our data set are used to calculate the dawn magnetopause position, on the basis of the stand-off distance [Walker and Russell, 1995] and the relations between the subsolar and the dawn magnetopause [Sibeck et al., 1991 ] . If this is the case the energetic electrons may drift into the magnetopause. In this region the conservation of the first adiabatic invariant breaks down, and the electrons will be scattered into a fully isotropic distribution. In this case the calculation of energies corresponding to equatorial mirroring electrons will be valid. For the events where the peak intensity of X-ray emission was found at 660-67 ø CGM latitude this explanation is probably not appropriate. However, for the other half, where the peak intensity was found at 70ø-71 ø CGM latitude the source region may be identified closer toward the magnetopause. [Newell and Meng, 1994] . Mapping techniques are needed to investigate this hypothesis further.
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Conclusion
For the first time we have been able to study the global features of the energetic precipitation seen by PIXIE and the softer part of the precipitation seen by UVI simultaneously during isolated substorms. Our main results are as follows. where B is the magnetic field, E is the electric field, q is the charge, K is the energy of the particle, and c• is the pitch angle. From this formula we see that the assumption of constant drift velocity breaks down as the drift time strongly depends on the magnetic gradient, which is not constant along the drift path. The electron will drift faster on the nightside than on the dayside. This effect is probably reflected in the work of Berkey et al. Applying this model, we have used Bo = 100 nT, knowing that this is an upper limit of the field strength, as this value is obtained from a dipole field at 6.6 R E. Mapping results of the substorm onset breakup area from the September 12 event using the Tsyganenko 96 model with input parameters from the Wind satellite gives a source region for the substorm onset of about 10-14 R E.
However, the models of Roederer [ 1970] and Tsyganenko are not consistent with each other. We therefore use the Bo = 100 nT contour as an upper limit of the field strength, knowing that this gives us an upper limit of the calculated electron energy. The standoff distance for the September event is 10.3, and the calculated energies are 110 keV for the onsets and 65 keV for the first maxima. If a Bo = 60 nT contour is used we get 95 and 55 keV.
